Alcohol use disorders (AUDs) lead to early death and many devastating consequences for individuals, families and society. Currently, few effective treatments are available, but emerging research suggests exercise might be beneficial in some individuals. To develop the most effective exercise treatment program, more research on intensity, type, timing, stage of addiction, drug involved, sex of subject and subject population is needed. This review highlights the complexity of the interaction between alcohol behaviors and exercise, with a focus on the role of sex and genetics.
timing of exposure to the wheel, whether the wheel is locked, and timing of exposure to alcohol and (e) there is evidence that interaction effects between alcohol and exercise exposure show differential responses due to sex and underlying genetics. Throughout the review, sex differences will be highlighted, since many studies only examined one sex. Furthermore, none of the studies used experimental designs to examine the effects of gonadal hormones, so we cannot draw any conclusions about how these may fluctuate under testing conditions that combine alcohol and exercise. It is beyond the scope of this review to summarize all of the individual studies examining sex hormones using models of alcohol-related phenotypes or models of exercise, but we conclude with a discussion about future directions in this area.
| MODERATE ALCOHOL CONSUMPTION AND MODERATE EXERCISE

| Alcohol and exercise are rewarding
There is a well-documented correlation between exercise intensity and alcohol consumption in both men and women, [5] [6] [7] [8] [9] [10] likely due to the activation of the mesolimbic dopaminergic reward pathway. [11] [12] [13] [14] [15] [16] [17] [18] [19] Briefly, dopaminergic neurons in the ventral tegmental area (VTA) project to the nucleus accumbens (NAc), a key brain region involved in the processing of reward response. 20, 21 Both alcohol consumption and exercise activate the mesolimbic dopaminergic reward system through increases in dopamine concentrations and dopamine receptor binding. [11] [12] [13] [14] [15] [16] [17] [18] [19] [22] [23] [24] [25] [26] Dopamine signaling is widely used as a "marker" for measuring feelings of reward. 27 One approach to measuring mesolimbic dopaminergic reward system activation is to quantify levels of tyrosine hydroxylase (TH), which is the rate-limiting factor in dopamine synthesis. 28 For example, both rats with access to voluntary wheel running and zebrafish exposed to alcohol exhibited increased TH mRNA levels in the VTA, suggesting both alcohol and exercise increase VTA dopamine concentrations. 11, 25 Furthermore, rats with access to voluntary wheel running and alcohol-dependent rats exhibited increased NAc Fos expression, suggesting both alcohol and exercise increase NAc neuronal activity. 11, 26 However, administration of alcohol directly into the NAc of a rat had no effect on extracellular dopamine levels. 29, 30 Together, these studies suggest that alcohol works by facilitating the firing of dopaminergic neurons from the VTA to the NAc via a disinhibitory mechanism involving the reduction of potassium currents in the VTA. 20, 21, 30, 31 Human imaging studies have measured dopamine receptor binding to confirm that the euphoric feeling experienced during alcohol consumption is a result of endogenous dopamine release in the NAc. [16] [17] [18] Additionally, physically active adults exhibited reduced age-related striatal dopamine D2 receptor loss. 32 In summary, these studies provide support that both moderate alcohol consumption and moderate exercise activate the mesolimbic dopaminergic reward system. For this reason, moderate exercise may be beneficial when trying to reduce alcohol consumption or combat alcohol cravings.
| Evidence that exercise ameliorates neuronal damage due to alcohol consumption
As noted above, there is a well-documented relationship between exercise intensity and alcohol consumption in both men and women. [5] [6] [7] [8] [9] [10] Mesolimbic dopaminergic reward pathway activation from both behaviors may contribute to this interaction; however, Leasure et al 33 speculated about other factors that may be involved.
They focused on four motivating reasons why people who consume high levels of alcohol may also exercise intensely: "work hard, play hard," celebration, body image and guilt. This hypothesis posits that people attempt to use exercise to offset the pathological effects of alcohol consumption. In the context of the brain, there is evidence to support the idea that these behaviors result in several counteracting effects on synaptic plasticity related to neuronal cell death and proliferation. [34] [35] [36] [37] [38] [39] For example, heavy alcohol consumption causes neuronal damage by increasing oxidative stress and neuroinflammation. 37, [40] [41] [42] After ingestion, alcohol metabolism generates two toxic by-products: acetaldehyde and reactive oxygen species. This process leads to a reduction of antioxidant enzymes and eventually oxidative tissue damage. 37 Conversely, both aerobic and anaerobic exercise upregulate the expression of antioxidant enzymes and therefore counteract the oxidative damage caused by stress, such as alcohol consumption. 43 Using a variety of behavioral paradigms in rodent models, several groups have demonstrated that physical exercise can increase neurogenesis in the hippocampus, basal forebrain and cerebellum by mitigating the neuroinflammation and oxidative damage caused by binge alcohol exposure. 34, 36, 37, 39, 42, 44 In contrast, a study conducted with female Long-Evans rats reported that binge-alcohol exposure increased and caused a prolonged effect on the morphology of medial prefrontal cortex microglia, regardless of exercise. 45 In a follow up study, it was demonstrated that this effect was sex-dependent, and only observed in female rats. 46 These studies also highlight a critical sex disparity in this body of literature, since only a handful included female rodents. 36, 44, 46 This is especially relevant given reported sex differences in the response to binge-like alcohol consumption and metabolism, in which hormonal factors may contribute to the apparent selective vulnerability of the female brain to alcohol. 40, 46 For example, alcohol consumption causes females to display greater susceptibility to innate oxidative stress, neuroinflammation and anatomical and histological alterations due to alcohol consumption. [46] [47] [48] While more research is needed in the female population, together these studies suggest that physical exercise may be used as a preventative and therapeutic tool, particularly in females, to ameliorate some of the pathological neuronal effects caused by alcohol consumption.
The long-term consequences of repeated neuroinflammation and oxidative stress include a decline in cognitive function. 37, 40, 49, 50 In contrast, regular exercise has been shown to increase reaction time, nonspatial memory, object recognition, spatial learning and overall cognitive performance. 43, [51] [52] [53] [54] As mentioned above, exercise may be able to prevent and reverse a portion of the neuroinflammation and oxidative stress caused by alcohol consumption. Thus, there is an emerging body of work supporting the hypothesis that physical exercise may be able to repair cognitive deficits caused by heavy alcohol consumption. 34, 37, 42, 43, 49 In several studies of adolescent and adult male Wistar and Long-Evans rats (females not tested), those exposed to physical activity following binge-alcohol exposure demonstrated improved cognitive function, motor activity and short-term recognition memory. 34, 37, 42, 43, 49 Again, there has been an imbalance in study across sexes in this body of literature, especially given the knowledge that females display greater susceptibility to acute and long-term memory alterations due to alcohol consumption. 55, 56 While more research is needed in females, these results imply that physical exercise can improve cognitive deficits, and therefore may provide positive treatment benefits among those consuming moderate amounts of alcohol.
| BEHAVIORAL MODELS INVESTIGATING THE INTERACTION BETWEEN WHEEL RUNNING AND ALCOHOL CONSUMPTION
Numerous studies in rodents have provided evidence for an interaction between voluntary wheel running and alcohol consumption. [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] In a recent review, Hallgreen et al 75 pointed out that, "physical exercise is widely regarded as "medicine" for the prevention and treatment of myriad somatic health conditions." 75 alcohol 2BC and DID (20% alcohol). Notably, C57BL/6Ibg mice are virtually identical to C57BL/6J mice, a strain known to consume and prefer large quantities of alcohol. 79, 80 The difference between the strains is the C57BL/6Ibg colonies were bred and maintained at the University of Colorado Boulder, Institute for Behavioral Genetics (IBG) for several years without bringing in breeders from an outside vendor. Access to a running wheel significantly reduced female C57BL/6Ibg alcohol consumption and preference in both 10% and 20% alcohol 2BC. However, this effect was not observed in male C57BL/6Ibg mice or in either sex during the DID paradigm. 64 The 10% alcohol 2BC result has been replicated in three additional studies, which also expanded to examine the effects of each environment (wheel running, alcohol 2BC or both) on gene expression. Darlington et al 62 examined mRNA expression levels of several alcohol-and exercise-related genes in various regions of the brain. Importantly,
Bdnf mRNA showed increased expression in the hippocampus due to exercise, but decreased expression due to alcohol, supporting previous work described above. In addition, expression of the dopamine receptor D1 (Drd1) mRNA was reduced in the striatum due to exercise, and dopamine receptor genes have recently emerged from large human genome-wide association studies. 81 Furthermore, mRNA expression for Slc18a2, a monoamine transporter protein, showed an Females increased their alcohol consumption and preference when their running wheels were locked, no effect in males Females increased their alcohol consumption and preference when their running wheels were locked, no effect in males Females increased their alcohol consumption and preference when their running wheels were locked, no effect in males interaction effect due to exercise and alcohol. In cages without a wheel, mice with alcohol showed increased Slc18a2 expression compared with water only mice. In cages with a wheel, mice with alcohol showed decreased expression of Slc18a2 compared with water/ wheel mice. 62 This work was extended in a follow-up study 61 using RNA sequencing to identify differentially expressed genes and gene networks in the striatum due to wheel running, alcohol 2BC or both).
Several genes were identified showing differential expression due to the interaction between alcohol consumption and exercise, including multiple potassium channel genes, Oprm1, Prkcg, Stxbp1, Crhr1, Gabra3, Slc6a13, Stx1b, Pomc, Rassf5 and Camta2. In both of these gene expression studies, only female C57BL/6Ibg mice were used since the behavioral effect had not been observed in males. 61 Gallego et al 65 conducted similar experiments using adolescent C57BL/6Ibg male and female mice. The differential sex effect observed in the initial study of adults was replicated, since the female adolescent mice showed decreased voluntary alcohol intake with the wheel, while the males did not. Differences in Bdnf mRNA and BDNF protein expression in the hippocampus due to exercise during adolescence was also confirmed, but in both sexes, leaving in question what other factors may contribute to the combined interaction that may be different in males and females. Furthermore, this is one of the few studies that reported a linear correlation between distance traveled via wheel running and change alcohol consumption due to exercise. However, this effect of distance traveled was observed only in the females, leading the authors to speculate that sex hormones may contribute to the interaction effects. 65 Taken together, the results of these studies, using fairly simple behavioral paradigms, suggest that exercise (unlimited access to voluntary wheel running) may serve as a hedonic substitution for alcohol consumption. However, length of the experiment and sex both affect the results.
| Effect of locked wheel on alcohol consumption
Although many of these studies suggest that unlimited access to wheel running reduces alcohol consumption and preference, it is possible that exercise (wheel-running) is simply a form of environmental enrichment, and the observed effects are not specific to exercise.
Ehringer et al 64 64 In a separate series of studies of two more moderately drinking strains, interesting differences due to sex and genetics were observed with regard to a locked wheel compared with a free running wheel and 10% alcohol preference. In 129/SvEvTac mice, both sexes showed reduced alcohol consumption with both a locked wheel and a free running wheel.
However, a sex difference was observed in C3H/Ibg mice, where the males showed a decrease in alcohol consumption with a locked wheel and free wheel, but the C3H/Ibg females showed no differences in of age) with access to a free running wheel, as opposed to a locked wheel, will significantly decrease their 20% alcohol consumption and preference. 59 In summary, these studies suggest that exercise, not just environmental enrichment, is a key component for the reduction of alcohol consumption. Importantly, its efficacy is modulated by both sex and genotypic background.
| Intermittent access models of alcohol consumption and exercise
Another commonly used method to investigate the effect of exercise on alcohol consumption is intermittent wheel access during 2BC and DID alcohol paradigms. [68] [69] [70] 72 For example, McMillan et al 69 reported that initial access to voluntary wheel running decreased 5% and 10%
2BC alcohol consumption in male alcohol-preferring (P) rats, which were selectively bred for high alcohol consumption, but had no effect on their male nonalcohol-preferring (NP) counterparts. However, this effect disappeared during the rats' second access to voluntary wheel running, 69 The alcohol deprivation led to a significant increase in the distance run, followed by a significant decrease in distance run when the alcohol was reinstated. This increase in distance run during alcohol deprivation supports the hypothesis that the female C57BL/6J mice may be using the hedonic substitution of exercise for alcohol to help alleviate withdrawal symptoms. 70 In fact, it has been demonstrated in both humans and mice that exercise can mitigate withdrawal symptoms. 82, 83 In a similar but shorter behavioral paradigm, Piza-Palma et al 72 not observed in the female C57BL/6J strain. 68 The behavioral protocols used for these intermittent wheel access in combination with alcohol 2BC share similar features, but there are differences in study designs that limit ability to draw overarching conclusions. Collectively, they do reiterate the same points highlighted above regarding the important differences due to sex and genetics with regard to response and possible interactions between intermittent exercise and alcohol consumption. [68] [69] [70] 72 3.4 | Other models of combined alcohol and exercise behaviors
Finally, there have been a few other studies using unique behavioral paradigms in rodents to investigate the interaction of exercise and alcohol consumption. 57, 66, 71, 73, 74 For example, using a voluntary liquid diet with or without alcohol (5-35%, increasing by 5% weekly), Barr 57 observed no differences in either voluntary wheel running nor voluntary alcohol consumption in outbred male Sprague-Dawley rats. 57 This is the only study that used an outbred strain and a liquid diet, and has not been replicated, which makes it difficult to draw any conclusions about how or why this model differs from animals that receive standard chow. Another important question to consider is whether the ability to choose exercise or not plays a role in whether voluntary alcohol consumption will decrease. Pichard et al 71 examined this using a forced wheel running protocol in a separate cohort of C57BL/6J and male DBA/2J mice. As described above, the C57BL/6J mice showed decreased 10% alcohol intake with voluntary wheel running, but forced wheel running led to increased 10% alcohol consumption. 71 Forced wheel running is considered a stressor and previous studies have demonstrated that forced wheel running results in increased alcohol consumption. [84] [85] [86] Thus, the most parsimonious explanation of the Pichard et al 71 study is that the stress from forced wheel running resulted in opposite (increased) alcohol consumption when compared with the other voluntary wheel running studies.
Again, since no effects of wheel running were observed in the male DBA/2J mice, underlying genetics are important too. This is especially since DBA/2J mice are known to show a greater conditioned place preference to alcohol compared with C57BL/6J mice, even though they show very low levels of voluntary consumption in 2BC paradigms. 87 In both of these studies, the animals were subjected to either forced alcohol consumption or forced wheel running, both of which are extremely stressful to the animal and may explain the lack of difference 57 or increased alcohol consumption. 71 More recently, Lynch et al 66 investigated the effects of adolescent exposure to exercise and its possible effects on adulthood alcohol behaviors. This study found that adolescent male Long-Evans rats with access to 24, 30 minute sessions of voluntary wheel running exhibited increased alcohol consumption and preference in adulthood. 66 Together, these studies highlight the complexity of the field and again draw attention to the lack of study among females compared with males.
A few investigators have tried to evaluate whether exercise may be beneficial in the context of ameliorating or reducing withdrawal-related behaviors. 63, 67, 73, 74 withdrawal period led to significantly increased alcohol preference and intake when alcohol was reintroduced. 74 These findings converge with the neurobiological effects discussed above showing similar effects on the dopaminergic reward pathways, which suggest that exercise may "prime" individuals for increased intake of alcohol. However, these effects appear to be complicated since they are different dependent on timing of withdrawal experience. 74 Additionally, Somkuwar et al 73 tested the effect of voluntary wheel running during alcohol abstinence and reinstatement in male Wistar rats. All of the pair-housed rats were trained to lever press for 10% alcohol and half of the rats experienced concurrent chronic intermittent ethanol (CIE)
vapor. Interestingly, voluntary wheel running enhanced alcohol seeking during abstinence in rats not exposed to CIE, indicating an alcohol deprivation effect. 73 However, contrary to the Werme et al 74 
| ROLE OF GENETICS IN AUDS AND EXERCISE
As mentioned, one possible mechanism to explain the behavioral interaction between alcohol consumption and exercise could be related to their common action on similar neuronal pathways, which may be due to shared genes. 11, 66, 88 Numerous twin, adoption and family studies have established the important role of genetics in AUDs, with heritabilities estimated between 49 and 60%. [89] [90] [91] [92] Recent large-scale human genome-wide association studies (GWAS) have identified various loci associated with alcohol behaviors. 81, 93, 94 In addition to the widely-replicated associations with genes encoding alcohol-metabolizing enzymes, neuronal genes such as SLC39A8 and DRD2 also emerged as significant hits. 81 For exercise, twin studies investigating leisure-time physical activity (LTPA), physical activity (PA), physical inactivity (PI) and sedentary behaviors have yielded heritability estimates ranging from~25 to 85% in humans. [95] [96] [97] [98] In addition, recent genome-wide association studies of exercise behaviors identified a few genes reaching significance. 99, 100 These include genes highly expressed in the mesolimbic system of the brain, including DRD2, SLC9A9 and GABRG3. 99,100 DRD2 codes for the dopamine D2 receptor and was identified as significant in genome-wide association studies of both alcohol and exercise behaviors. Dopamine is essential for reward related behaviors 27 and thus the results of these studies provide support that the mesolimbic dopaminergic system is involved in both alcohol consumption and exercise.
In addition, rodent models of both alcohol and exercise related behaviors have been developed that validate a genetic component to both behaviors. In two independent screens of standard laboratory mouse strains, sizable differences in voluntary alcohol consumption were revealed. 79, 80 For example, when housed in identical environments, the inbred strains discussed in these reports demonstrated a wide range of levels of voluntary alcohol consumption. The C57 substrains showed the highest levels of consumption, the C3H and 129 substrains exhibited moderate levels of consumption and the DBA substrains displayed the lowest levels of consumption. 79, 80 Interestingly, a study performed by Lerman et al 101 followed with the remainder of the mice except for the male C57BL/6Ibg mice, which consumed more alcohol than the C3H/Ibg and 129/SvEvTac strains of mice but only ran farther than the 129/SvEvTac mice. 58, 64 Collectively, there remain very few studies that have carefully examined both sex and genetics within the context of a single behavioral paradigm, so additional research is needed to clarify the relative importance of each factor. It is clear there are common differences due to sex, where in most cases females are more responsive to the presence of a running wheel. However, underlying genetic differences in predisposition to both behaviors is likely to be an important factor as well.
| SUMMARY
Here we present a summary of evidence suggesting that various levels of alcohol consumption, exercise intensity and their interactions result in differential behavioral and neuronal consequences. In addition, the collection of studies thus far suggests there are important sex and genetic differences that contribute to the complex individual behaviors relating to alcohol intake and exercise. When these two behaviors are combined, the complexity is amplified. For example, evidence suggests both moderate alcohol consumption and moderate exercise create feelings of euphoria via mesolimbic dopaminergic reward system activation. [11] [12] [13] [14] [15] [16] [17] [18] [19] Thus, we postulate that moderate exercise may help reduce cravings and ultimately reduce alcohol intake of moderate consumers. In addition, moderate exercise has been demonstrated to ameliorate specific pathological neuronal consequences and improve cognitive deficits caused by alcohol consumption. 34, 36, 37, 39, 42, 44, 49 Together, the results of these studies suggest that moderate exercise may be useful to cease or reverse negative neuronal consequences caused by moderate alcohol intake. Conversely, due to neuroadaptations that resemble those caused by heavy alcohol consumption, such as reward system hypofunction, chronic levels of intense exercise may increase an individual's susceptibility to addiction. 28 Therefore, while exercise has many health-related benefits, it remains unclear whether it may always beneficial for treatment of AUDs. This discrepancy is also observed in the rodent models described above. For example, the effect of exercise on alcohol behaviors is dependent on time of exposure to the wheel, whether the wheel is locked, and timing of exposure to alcohol. The inconsistency of results and paradigms highlight an important area for future research. In addition, the interaction effect of gonadal hormones on alcohol consumption and exercise is a crucial area of research lacking from the field. To our knowledge, only two studies investigating testicular and cardiovascular health have begun to tease apart this effect. 105, 106 Both studies demonstrated that exercise can reduce ethanol-induced testicular and cardiovascular damage in male rats, and again females were not tested. 105, 106 Finally, a recent survey by Beery and Zucker 107 reported that the ratio of male-only to female-only studies ranges from 3.7:1 in physiology and 5:1in pharmacology and neuroscience. 107 When both sexes were studied, the rodent models used to study the effects of exercise on alcohol behaviors clearly demonstrate sex differences. However, a majority of the studies were performed on only one sex, usually males. Therefore, as the field advances toward understanding details about the role of specific exercise intensity, type, timing, stage of addiction, drug involved, gonadal hormones and genetic factors, it will be crucial to include both sexes for future research.
